Typical antipsychotic drugs are widely thought to alleviate the positive symptoms of schizophrenia by antagonizing dopamine D 2 receptors expressed by striatal spiny projection neurons (SPNs). What is less clear is why antipsychotics have a therapeutic latency of weeks. Using a combination of physiological and anatomical approaches in ex vivo brain slices from transgenic mice, it was found that 2 weeks of haloperidol treatment induced both intrinsic and synaptic adaptations specifically within indirect pathway SPNs (iSPNs). Perphenazine treatment had similar effects. Some of these adaptations were homeostatic, including a drop in intrinsic excitability and pruning of excitatory corticostriatal glutamatergic synapses. However, haloperidol treatment also led to strengthening of a subset of excitatory corticostriatal synapses. This slow remodeling of corticostriatal iSPN circuitry is likely to play a role in mediating the delayed therapeutic action of neuroleptics.
INTRODUCTION
Dopamine signaling in the basal ganglia assists in goaldirected action selection and habit formation by providing information about the outcome of goal-directed behavior and the motivational salience of stimuli (Redgrave et al, 2010; Winton-Brown et al, 2014) . Dopamine fibers 'broadcast' this signal to all cell types within the striatum, but the major target of this innervation is the principal spiny projection neuron (SPN) (Gerfen and Surmeier, 2011) . There are two main classes of SPNs. The so-called direct pathway SPNs (dSPNs) promote the selection of appropriate actions and indirect pathway SPNs (iSPNs) help suppress unwanted ones (Frank, 2011) . Dopamine bidirectionally modulates the activity of these two classes of SPNs. This bidirectionality reflects the dichotomous expression of G protein-coupled DA receptors (GPCR) by these two SPN populations: dSPNs express D 1 receptors (D 1 R) that enhance excitability and excitatory glutamatergic synaptic transmission, whereas iSPNs express D 2 receptors (D 2 Rs) that diminish excitability and excitatory synaptic transmission.
Antipsychotic drugs antagonize dopamine D 2 Rs at concentrations that correlate with their clinical potency (Creese et al, 1976; Seeman et al, 1976) ; however, their therapeutic benefits lag behind the acute blockade of D 2 Rs by days, weeks, or even months (Agid et al, 2003; Leucht et al, 2005; Tauscher et al, 2002) . Slow alterations in corticostriatal circuitry might underlie the time lag between neuroleptic treatment and effect (Konradi and Heckers, 2001) . Animal studies investigating the chronic effects of the typical antipsychotic haloperidol have consistently demonstrated ultrastructural alterations in the striatum, including an increase in the number of perforated synapses (Meshul and Casey, 1989; Meshul et al, 1996; Roberts et al, 1995) . In line with the anatomical data, chronic haloperidol was shown to cause an alteration in the induction of striatal synaptic plasticity in acute brain slices from rodents, biasing synaptic plasticity toward the potentiation of glutamatergic inputs on striatal neurons (Centonze et al, 2004) . This site of action is consistent with studies implicating striatal glutamatergic signaling in the pathophysiology of schizophrenia (Laruelle et al, 2003) .
Despite the plausibility of this hypothesis, the effect of chronic antipsychotic treatment on striatal physiology has not been examined systematically. Moreover, the anatomical changes induced by antipsychotic drugs are controversial. For instance, chronic haloperidol has been reported to both increase (Kerns et al, 1992) and decrease (Kelley et al, 1997) spine density in the rat striatum. To reexamine the question with advanced tools, the effects of chronic haloperidol administration on the dendritic morphology and physiology of identified iSPNs and dSPNs were studied using a combination of optogenetic, two-photon laser scanning microscopy and electrophysiological approaches in ex vivo brain slices from mice. These studies show that haloperidol treatment induces a slow remodeling of the corticostriatal indirect pathway implicated in the positive symptoms of schizophrenia.
MATERIALS AND METHODS

Haloperidol Treatment
Male and female hemizygous bacterial artificial chromosome (BAC) transgenic mice (p28-p38) expressing eGFP under either Drd1a or Drd2 control (Chan et al, 2012) were treated with intraperitoneally (IP) injected haloperidol-HCl (1 mg/kg) (Tocris Bristol, UK), perphenazine (4 mg/kg) (Sigma-Aldrich, St Louis, MO), or 0.9% saline control for 14 days, except where otherwise noted ( Figure 1a ). We began injecting at postnatal week 5 to ensure adequate striatal development (Tepper et al, 1998) . Injections were halted 24 h before experiments to ensure complete drug washout (Kirschbaum et al, 2008) . In a subset of experiments, animals were injected with a single dose of haloperidol or 5 days of haloperidol before a 24 h washout before experimentation. A final subset of experiments used primed mini-osmotic pumps (Alzet, Cupertino, CA) to continuously deliver 0.25 mg/kg per day of haloperidol-HCl or vehicle control for 14 days, as previously described (Ilijic et al, 2011) . Pumps were removed 24 h before experimentation. For circuit mapping experiments, Drd2 eGFP mice were crossed with a transgenic line that expresses channelrhodopsin-2 in the cortex (Thy1-ChR2) (Fieblinger et al, 2014) . All mice were housed on a 12 h light/dark schedule with food and water available ad libitum. All protocols described here were reviewed and approved by the Northwestern Institutional Animal Care and Use Committee and all efforts were made to minimize suffering.
Brain Slice Preparation
Following 24 h of washout (Figure 1a ), mice were deeply anesthetized with a mixture of ketamine (50 mg/kg) and xylazine (4.5 mg/kg), and acute ex vivo brain slices were prepared as previously described (Chan et al, 2012) with the following modification: 240 μm parasagittal slices were taken by blocking the brain midsagittally and gluing medial side down on a~15°agar block to preserve corticostriatal projections for electrical stimulation.
Whole-Cell Patch-Clamp Recording
Slices were transferred to a submersion-style recording chamber on a BX51 upright, fixed-stage microscope (Olympus, Center Valley, PA) and continuously superfused with aCSF containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 1 MgCl 2 , 2 CaCl 2 , and 13.9 D(+)-Glucose. Slices were visualized under differential interference contrast (DIC) and somatic eGFP expression was checked using epifluorescence microscopy to verify cell identity (Figure 1c ). Thick-walled (1.5 mm outer diameter) borosilicate pipettes (Sutter Instrument Company, Novato, CA) were pulled on a Flaming/Brown micropipette puller (Sutter) and were 3-4 MΩ when filled with recording solution. Electrophysiological recordings were obtained with a MultiClamp 700 A amplifier interfaced with a PC running pClamp 10 (Molecular Devices, Sunnyvale, CA). Data were acquired at 50 kHz and filtered at 10 kHz except for Sr 2+ miniature excitatory postsynaptic potentials (mEPSCs) that were filtered at 1 kHz, using an 8-pole Bessel filter and digitized using a DigiData 1322A A/D converter (Molecular Devices). The internal solution for current clamp recordings contained (in mM): 135 KMeSO 4 , 5 KCl, 5 HEPES, 5 EGTA, 0.5 CaCl 2 , 10 Na 2 -phosphocreatine, 2 Mg-ATP, 0.5 Na-GTP, pH adjusted to 7.25-7.30 with NaOH, 300 mOsm. The amplifier bridge circuit was adjusted to account for serial resistance and was continuously monitored. For voltage clamp recordings the pipettes were filled with a Cs + -based internal solution containing (in mM): 130 CsMeSO 3 , 5 HEPES, 0.25 EGTA, 10 Na 2 -phosphocreatine, 2 Mg-ATP, 0.5 Na-GTP, 5 TEA-Cl (tetraethylammonium-Cl), 1 QX-314-Cl, pH adjusted to 7.25-7.30 with CsOH, 290 mOsm. A 5 mV test pulse was continually monitored during voltage clamp recordings and cells with an access resistance of over 20 MΩ or whose resistance changed 420% were discarded. For experiments that employed cortical stimulation, a 200 μs pulse was delivered via a platinum/iridium parallel bipolar electrode (FHC, Bowdoin, ME) placed between layers V and VI of the cortex.
To determine the AP threshold, phase plots of the first derivative of somatic membrane potential (dV/dt) were constructed and the inflection point of the membrane potential (where the slope reached 10 mV/ms) was used as the threshold (Naundorf et al, 2006) . Voltage-current plots were constructed from the equilibrium potentials reached for different somatic current injections (−150 to 90 pA, 20 pA increments). Sr 2+ mEPSCs were recorded as previously described (Ding et al, 2008) .
Subcellular Channelrhodopsin-Assisted Circuit Mapping (sCRACM)
Slices were taken from haloperidol-or saline-treated Thy1-ChR2-D2 mice and sCRACM was performed as previously described (Fieblinger et al, 2014) using standard aCSF supplemented with: 1.0 μM TTX, 100 μM 4-AP, 10 μM SR-95531 hydrobromide (gabazine), and 1.0 μM CGP 35348; 50 μM Alexa Fluor 568 hydrazide sodium salt was added to the Cs + -based internal to allow visualization of spines. 
Dendritic Reconstruction
For anatomical reconstructions, 0.2% biocytin was included in the recording solution and allowed to dialyze into the cell for at least 30 min during whole-cell patch-clamp. Slices were recovered and fixed in 4% paraformaldehyde for 12 h. Following 4 washes with phosphate-buffered saline (PBS), fixed slices were reacted with 2 μg/ml streptavidinAlexaFluor 594 (Thermo Fisher Scientific, Waltham, MA) in PBS with 1% normal goat serum, 2% Triton-X for 12-18 h on a reciprocal shaker. Slices were washed 4 times with PBS and mounted on slides using ProLong Gold (Thermo Fisher Scientific). Slides were visualized on a 2PLSM setup using a 60X/1.2NA water immersion objective (Olympus). For whole-cell reconstructions, 0.5 μm serial optical sections (Z-stacks) were obtained with 0.386 μm 2 pixel resolution. Four Z-stacks per cell were stitched together using volume integration and alignment software (VIAS, Mt Sinai Computational Neurobiology and Imaging Center), and subsequently reconstructed and analyzed using Neurolucida (MicroBrightField, Williston, VT). For spine reconstructions, 0.15 μm Z-stacks with 0.132 μm 2 pixels were obtained from 2 proximal and 2 distal sections per cell. Z-stacks were deconvolved using AutoQuant (MediaCybernetics, Rockville, MD) and spines were counted in three dimensions semiautomatically using NeuronStudio (CNIC, Mount Sinai School of Medicine, New York, NY).
Gene Expression Profiling
Quantitative polymerase chain reaction (qPCR) was used as previously described (Chan et al, 2012; Plotkin et al, 2013 Plotkin et al, , 2014 to determine the changes in transcript expression following haloperidol administration. In brief, the striatum from haloperidol-or control-treated animals was microdissected and iSPNs were separated out via fluorescenceassisted cell sorting (FACS) based on their eGFP expression. Total mRNA was isolated with the RNeasy Micro Kit (Qiagen, Valencia, CA) before synthesizing cDNA using qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD). Real-time PCR was performed using Fast SYBR Mastermix (Applied Biosystems, Waltham, MA) on a StepOnePlus thermocycler (Applied Biosystems). The thermal cycling protocol began with a denaturing step at 95°C for 20 s and then completed 40 cycles of 95°C for 3 s and 60°C
for 30 s. The PCR cycle threshold (C T ) values were measured during the exponential phase of the PCR reaction and a comparative quantification method (ΔΔC T ) was used to identify differences in gene expression level. An ensemble reference was calculated from the stability-based weighted C T s of a panel of reference genes (Gapdh, Atp5b, Cyc1, Eif4az, Gusb, Hmbs, Actb, Uchl1). Experiments for each gene of interest were run in triplicate to generate medians for comparison.
Data Analysis and Statistics
Data were analyzed using Clampfit 10 (Molecular Devices), Matlab (Mathworks, Natick, MA), and MiniAnalysis (Synaptosoft, Decatur, GA). Statistics were performed in Prism 6 (GraphPad, La Jolla, CA). Data are plotted as mean ± SEM and summary statistics are presented in boxand-whisker plots showing median, quartiles, and 10-90% range. Statistical analysis was performed using the nonparametric Mann-Whitney U and Kruskal-Wallis (with Dunn's multiple comparison post hoc) tests of significance. Data are considered significant when po0.05.
RESULTS
Haloperidol Diminished Intrinsic Excitability of iSPNs, But Not dSPNs
To investigate the effect of long-term antipsychotic administration on the striatum, BAC transgenic animals were used to allow the unambiguous identification of dSPNs and iSPNs in the slice via somatic eGFP expression using epifluorescence microscopy (Gertler et al, 2008) . BAC mice were injected with the typical antipsychotic haloperidol or saline for 2 weeks and then whole-cell patch-clamp recordings were performed in ex vivo striatal slices. Intrinsic excitability was assessed by graded current injection in current-clamp mode. Haloperidol treatment had no effect on dSPN intrinsic excitability (Figures 1d, f and h). However, haloperidol treatment decreased the excitability of iSPNs (Figures 1e  and g ), a change reflected in a greater rheobase current (the amount of current needed to produce at least one action potential, assessed in 20 pA increments) (Figure 1h ).
To ensure that the effect seen in iSPNs was a long-term adaptation, rather than an acute effect of haloperidol, previously untreated mice were injected with a single dose of haloperidol and recorded from 24 h later. In this case, there were no differences found in the intrinsic excitability of iSPNs (Supplementary Figure S1) . To further characterize the time course of the effect, rheobase was measured in iSPNs from mice treated for 5 days (rather than 14); at this time point, rheobase was unchanged (Figure 1h ). To determine whether the effect was specific to haloperidol, the typical antipsychotic perphenazine was administered. Perphenazine is a medium-potency phenothiazine antipsychotic that antagonizes D 2 receptors. Fourteen days of perphenazine administration had a similar effect on rheobase as 14 days of haloperidol (Figure 1h ).
Work in rats has suggested that administration of antipsychotics with osmotic mini-pumps rather than IP injections may more accurately mimic human dosing, as assessed by in vivo D 2 R occupancy . For this reason, the 2-week administration was repeated using osmotic mini-pumps to deliver haloperidol (0.25 mg/kg per day). The results using this delivery method reproduced the drop in intrinsic excitability found using IP injections (Supplementary Figure S2) .
To better understand the mechanism underlying the change in excitability seen in iSPNs, input resistance, action potential (AP) threshold, resting membrane potential (RMP), and peak AP voltage were measured. The input resistance was calculated from the slope of the best-fit line of the steady-state voltages obtained following a series of hyperpolarizing somatic current injections (−150 to − 70 pA, 20 pA intervals). Using this method, the input resistance for iSPNs in haloperidol-treated animals was significantly less than that of controls, but the AP threshold, RMP, and AP peak were all unchanged (Figures 1i-l) .
Kir2 K + Channel Currents Were Increased by Haloperidol Treatment
The Kir2 family of inward rectifying K + channels are major determinants of the resting conductance and basal excitability of SPNs (Mermelstein et al, 1998; Nisenbaum and Wilson, 1995; Uchimura et al, 1989) . To determine whether Kir2 K + channel expression was altered by haloperidol treatment, iSPNs from treated and control mice were isolated using FACS and then qPCR was performed (Chan et al, 2012; Plotkin et al, 2013 Plotkin et al, , 2014 . The abundance of Kir2.3 mRNA was increased by haloperidol treatment, but Kir2.1, 2.2, and 2.4 mRNAs were unchanged (Figure 2a) .
Voltage-clamp recordings of iSPNs from haloperidol-or vehicle-treated animals were performed to see whether Kir2.3 mRNA upregulation resulted in increased protein and current. Voltage-current plots from control-and haloperidol treated animals revealed a divergence around the K + equilibrium potential, suggesting that Kir channel currents were increased by haloperidol treatment (Figure 2b ). To provide an additional test of this hypothesis, somatic voltage ramps (−150 to − 30 mV, 200 ms) were performed and difference currents were computed; these difference currents had a reversal near the K + equilibrium potential and demonstrated inward rectification, both typical features of Kir2 channels (Figure 2c ). Finally, iSPNs were voltage-clamped at − 60 mV (inactivating Kv1 and Kv4 channels but leaving Kir2 channels open) and then stepped to − 130 mV; control-and haloperidol-treated iSPNs revealed a difference in the maximum current (Figures 2d and e) . These results are all consistent with the hypothesis that the upregulation of Kir2.3 mRNA found in haloperidol-treated animals resulted in increased Kir2 channel currents and reduced intrinsic excitability of iSPNs.
It is possible that other mechanisms also contribute to the drop in excitability seen following chronic haloperidol treatment. Lesioning dopaminergic neurons caused a shrinkage of SPN dendrites (Fieblinger et al, 2014) and D 2 R overexpression resulted in an expanded dendritic arbor (Cazorla et al, 2012) . To determine whether there were dendritic changes following haloperidol treatment, iSPNs from treated and control animals were reconstructed and Sholl analysis was performed (Supplementary Figures S3A-C) . The total dendritic length of iSPNs was unchanged by haloperidol treatment (Supplementary Figure S3D) . Proximal dendritic morphology has a greater impact on somatically assessed excitability than distal morphology, and hence remodeling without a change in the total length could still conceivably affect excitability. However, haloperidol treatment did not change the number of primary dendrites, nodes, or terminal dendritic branches (Supplementary Figures S3E-G) . Thus, dendritic remodeling does not appear to contribute to the drop in excitability seen in iSPNs following chronic haloperidol exposure.
Haloperidol Decreased Spine Density
Loss of dopaminergic signaling has been shown to cause a selective reduction in iSPN spine density (Day et al, 2006; Fieblinger et al, 2014) . Studies of chronic haloperidol administration show less consensus, with some reporting decreased spine density in SPNs (Kelley et al, 1997; Roberts et al, 1995) , and others increased spine density (Kerns et al, 1992) . However, none of the haloperidol studies distinguished between iSPNs and dSPNs that would be expected to have a major impact on the outcome. Using BAC transgenic mice, identified iSPNs were filled with biocytin using a patch electrode, fixed, optically sectioned using 2PLSM, and then reconstructed in 3D using standard approaches (Dumitriu et al, 2011; Gertler et al, 2008) . Both proximal (centered at 50 μm from the soma) and distal (centered at 110 μm) segments of dendrite were examined and estimates of spine density were generated (Figures 3a and b) . Haloperidol administration decreased the median spine density of both proximal and distal iSPN dendrites; this drop was evident at 5 days of treatment and persisted through 14 days of treatment (Figure 3c ). Although median spine densities were similar at proximal and distal locations, the variability of the measurements was considerably less in distal dendrites, suggesting the effect was more robust. Perphenazine treatment (14 days) also was effective in decreasing spine density of iSPNs (Figure 3c ). SPNs receive excitatory glutamatergic innervation from both the cerebral cortex and thalamus. However, the majority of axospinous synapses are cortical in origin (Smith et al, 2004) . To determine whether cortical axospinous synapses were being lost following haloperidol treatment, the sCRACM approach was used (Fieblinger et al, 2014; Petreanu et al, 2009 ). This method uses focal illumination of spine heads imaged using 2PLSM in ex vivo brain slices. When illuminated, presynaptic terminals expressing channelrhodopsin (ChR2) depolarize and release neurotransmitter, generating a postsynaptic current detected by a somatic patch electrode. By expressing ChR2 in presynaptic terminals of a given type, the terminals can be mapped. To map corticostriatal synapses onto iSPNs, Thy1-ChR2 mice that express channelrhodopsin in corticostriatal but not thalamostriatal neurons were crossed with D 2 eGFP mice . These mice were treated with haloperidol or vehicle control. After treatment, brain slices were prepared and iSPNs were patched and filled with an Alexa dye to allow the visualization of dendrites. Spines were then interrogated with a blue laser to determine whether a cortical terminal was present (Figures 3d and e) . In control iSPNs, roughly 70% of the spines on proximal and distal dendrites had detectable cortical synapses; this is in good agreement with previous results using this approach and anatomical estimates of corticostriatal synapse density (Fieblinger et al, 2014; Plotkin et al, 2014; Smith et al, 2009; Villalba and Smith, 2011) . After haloperidol treatment, this percentage dropped to ∼ 40% in both proximal and distal dendrites (Figure 3f ). These results suggest that there was a selective pruning of cortical synapses by haloperidol treatment.
Haloperidol Increased the Strength of Remaining Axospinous Synapses
Activation of D 2 Rs is necessary for endocannabinoid (eCB)-mediated long-term synaptic depression (LTD) in the striatum (Gerfen and Surmeier, 2011; Kreitzer and Malenka, 2007) . In this form of plasticity, retrograde signaling of eCBs activates presynaptic cannabinoid 1 receptors that decrease release probability. Chronic blockade (c) Spine density decreased in both proximal and distal regions with 5 days (5d) of haloperidol (proximal: control = 1.56 spines/μm, n = 8; 5d haloperidol = 1.26 spines/μm, n = 15, p = 0.05; distal: control = 1.48 spines/μm, n = 8; 5d haloperidol = 1.19 spines/μm, n = 15, p = 0.004, Kruskal-Wallis test with Dunn's correction), with 14 days (14d) of haloperidol (proximal: control = 1.56 spines/μm, 14d haloperidol = 1.00 spines/μm, p = 0.001; distal: control = 1.48 spines/μm, 14d haloperidol = 1.10 spines/μm, p = 0.008; control n = 8, 14d haloperidol n = 6, Kruskal-Wallis test with Dunn's correction), and with 14 days (14d) of perphenazine (proximal: control = 1.56 spines/μm, 14d perphenazine = 1.23 spines/μm, p = 0.011; distal: control = 1.48 spines/μm, 14d perphenazine = 1.14 spines/μm, po0.001; control n = 8, 14d perphenazine n = 16, Kruskal-Wallis test with Dunn's correction). of D 2 Rs by haloperidol might blunt normal eCB-LTD induction, leading to de-depression of corticostriatal synapses. To assess this possibility, the paired-pulse ratio (PPR), which can indicate changes in release probability (Zucker and Regehr, 2002) , was measured in iSPNs in response to electrical stimulation of corticostriatal fibers ( Figure 4a ). As would be expected from the loss of eCB-LTD, the PPR in iSPNs was significantly lower in haloperidoltreated animals than in vehicle controls (Figure 4b) , indicating an increased probability of release.
To determine whether synaptic strength was affected by haloperidol treatment, asynchronous corticostriatal mEPSCs were evoked by electrical stimulation of corticostriatal axons in aCSF containing Sr 2+ in place of Ca 2+ (Ding et al, 2008) (Figures 4c and d) ; Sr 2+ replacement increases asynchronous quantal release, allowing mEPSCs of known presynaptic origin to be determined (Choi and Lovinger, 1997) . Although the frequency of asynchronous mEPSCs is not readily related to release probability, the amplitude of mEPSCs provides a direct measure of synaptic strength. Because postsynaptic glutamate receptors at this synapse are not saturated normally (Higley et al, 2009) , an elevation in presynaptic release probability could result in an increase in mEPSC amplitude. Indeed, the average corticostriatal mEPSC amplitude in iSPNs was increased by haloperidol treatment, suggesting a loss of presynaptic eCB-LTD (Figures 4e and f;  Supplementary Figure S4 ). In addition, analysis of corticostriatal synaptic strength obtained via optogenetic stimulation in Thy1-ChR2 mice revealed an increase in the median amplitude of response following haloperidol treatment (control: 4.3 pA, n = 134 spines; haloperidol: 5.3 pA, n = 95 spines; Mann-Whitney U-test; p = 0.004) that was roughly equivalent (~25%) to that seen with Sr 2+ mEPSCs. Finally, the ratio of N-methyl-D-aspartate receptor (NMDAR) currents to α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) currents at corticostriatal synapses was measured using an established technique (Myme et al, 2003) (Supplementary Figure S5A) . This ratio is often used as a means of determining whether postsynaptic long-term depression or potentiation, which changes the relative abundance of synaptic AMPARs, has occurred (Yang and Calakos, 2013) . The time course of AMPAR currents was first determined at − 80 mV, a potential at which Mg 2+ blocks NMDAR currents. Then the cortex was stimulated while holding the cell at +40 mV to reveal NMDAR currents in addition to AMPAR currents. The AMPAR component was taken at the time of peak AMPAR current assessed at − 80 mV, whereas the NMDAR component was taken 40 ms later, after the AMPAR current had completely decayed (Supplementary Figure S5A) . Using this technique, haloperidol treatment did not change the synaptic NMDA/AMPA current ratio (Supplementary Figure S5B) , suggesting a presynaptic mechanism of action.
Haloperidol Tolerance Paralleled Adaptations in iSPNs
Catalepsy is a basal ganglia-mediated behavior that can be triggered by antipsychotic administration (Bateup et al, 2010) . Tolerance to the cataleptic effects of haloperidol develops with repeated treatment (Ezrin-Waters and Seeman, 1977) . To determine whether the development of tolerance paralleled the adaptations in iSPNs, mice were treated for 5 or 14 days with haloperidol and their tolerance to catalepsy measured using a standard test . The cataleptic tolerance to haloperidol was progressive, increasing significantly from 5 to 14 days of treatment (Figure 4g ), paralleling the changes in intrinsic excitability of iSPNs.
DISCUSSION
This study shows that chronic (2 weeks) treatment of mice with haloperidol induces a concerted set of adaptations specifically in striatal iSPNs. Although haloperidol is a nonselective, albeit preferential, D 2 receptor antagonist (Bymaster et al, 1996) , both the downregulation of intrinsic excitability and of excitatory synaptic connectivity with cortical pyramidal neurons appear to reflect a form of homeostatic plasticity triggered by the loss of tonic, inhibitory D 2 R-mediated modulation of iSPNs. These homeostatic adaptations should serve to normalize the average spiking rate of iSPNs following neuroleptic treatment, diminishing the propensity of this network to indiscriminately suppress goal-directed movement and habits. However, in parallel, neuroleptic treatment led to the strengthening of a subset of corticostriatal synapses, increasing their ability to drive iSPN activity. Thus, chronic neuroleptic treatment leads to a reorganization of the corticostriatal circuitry controlling active suppression of thoughts and movements. Whereas the changes in synaptic density occurred rapidly, alterations in intrinsic excitability were slower. Although our behavioral data indicate that the changes in intrinsic excitability parallels tolerance to catalepsy, the time course of these adaptations also mirrors the delay between neuroleptic administration and therapeutic benefit; further study in a rodent model of schizophrenia would be of value to determine whether the reported iSPN adaptations are also associated with symptoms of schizophrenia, particularly positive symptoms.
Homeostatic Adaptations to Chronic Haloperidol
D 2 R signaling has both rapid and slow neuromodulatory effects on iSPNs. The rapid neuromodulatory effects of D2R signaling are mediated by G i/o proteins coupled to adenylyl cyclase and phospholipase C, leading to altered gating of Na + , Ca
2+
, and K + channels (Gerfen and Surmeier, 2011) . The same signaling pathways mediate slow, lasting downregulation of excitatory synaptic connections (Gerfen and Surmeier, 2011; Kreitzer and Malenka, 2007) . Thus, both slow and fast effects of D 2 R signaling tend to decrease the activity of iSPNs. How then does chronic haloperidol treatment, which should decrease inhibitory D 2 R signaling, lead to a drop in iSPN excitability? By attenuating tonic inhibitory D 2 R signaling in iSPNs, haloperidol should increase their spiking rate (West and Grace, 2002; Zhang and Linden, 2003) . With high doses of haloperidol, this disinhibition of iSPNs broadly suppresses movement, inducing catalepsy. However, sustained deviations of spike rate away from a neuron's predetermined set-point induces homeostatic compensation or plasticity (Marder and Goaillard, 2006; Turrigiano, 2008) . Two forms of homeostatic plasticity have been described: intrinsic and synaptic. Intrinsic homeostatic plasticity leads to alterations in postsynaptic ion channel expression and function that control spike generation. Synaptic homeostatic plasticity or scaling leads to changes in the strength of excitatory glutamatergic synapses that drive neurons to spike.
In the case of iSPNs, sustained antagonism of inhibitory D 2 R signaling should engage a negative form of homeostatic plasticity that lowers, and hence normalizes, spiking rate. Indeed this is what was found. In iSPNs from mice treated with haloperidol, the ability to generate spikes from intrasomatic current injection was decreased and change paralleled the development of tolerance to catalepsy. This drop in excitability was attributable in part to an upregulation in the expression and function of Kir2.3K + channels. Both mRNA for this key subunit of Kir2 channels and Kir2 channel currents were upregulated by haloperidol treatment.
This observation is consistent with recent work showing that upregulation of D 2 R expression increased SPN excitability by downregulating Kir2 channel function (Cazorla et al, 2012) .
In addition to intrinsic homeostatic plasticity, iSPNs from haloperidol-treated mice also pruned excitatory, glutamatergic axospinous synapses on both proximal and distal dendrites that can be interpreted as a form of synaptic homeostatic plasticity. This pruning was similar to that seen following striatal dopamine depletion (Day et al, 2006; Fieblinger et al, 2014) . The pruning induced by haloperidol treatment appeared to occur primarily at corticostriatal, axospinous synapses, like that seen following dopamine depletion. However, rather than all excitatory synapses simply being downregulated (scaling) to maintain relative synaptic strength and the information embedded in these weights (Turrigiano, 2008) , a subset of axospinous synapses were eliminated and others strengthened, as judged by the increase in Sr 2+ mEPSC amplitude following haloperidol treatment. The strengthening of these synapses is attributable to dedepression following the loss of D 2 R-dependent, presynaptic LTD (Gerfen and Surmeier, 2011) . Consistent with a presynaptic locus for this change, the NMDAR/ AMPAR current ratio-a commonly used measure of postsynaptic plasticity-was unaltered at corticostriatal synapses following haloperidol treatment. Moreover, the PPR at this synapse decreased, suggesting an increase in glutamate release probability, as expected following a loss of presynaptic LTD. This inference is consistent with ultrastructural studies showing that chronic haloperidol treatment increases the number of perforated striatal synapses (Meshul and Casey, 1989; Meshul et al, 1996) , providing a structural foundation for our physiological observations (Calverley and Jones, 1990; Higley et al, 2009) .
It remains to be seen how SPN homeostatic plasticity is regulated, but one potential mechanism is through Cav1 (L-type) Ca 2+ channels that are robustly expressed by SPNs. Several studies have implicated Cav1 channels in the regulation of homeostatic plasticity (Turrigiano, 2008) . This possibility is of considerable interest, as genome-wide association studies have implicated Cav1 polymorphisms in psychiatric diseases, particularly schizophrenia (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013).
Do Cholinergic Interneurons Contribute to the Effects of Haloperidol?
D 2 R expression is not limited to iSPNs in the striatum. It is possible that these other cell types shape the iSPN adaptations to chronic haloperidol. The most probable participant in the response to haloperidol are D 2 Rexpressing cholinergic interneurons (ChIs). D 2 R signaling in these neurons suppresses their ongoing pacemaking activity and acetylcholine release (Aosaki et al, 1994; Ding et al, 2010; Maurice et al, 2004; Stoof and Kebabian, 1982) . Acetylcholine has a variety of striatal effects, but the most relevant in this context is the elevation in iSPN intrinsic excitability mediated by suppression of Kv7 (KCNQ) and Kir2 K + channels (Galarraga et al, 1999; Shen et al, 2005 Shen et al, , 2007 . It is possible that neuroleptic-induced elevation in cholinergic signaling contributes to the observed adaptations in iSPNs (Shen et al, 2007) . However, in vivo microdialysis in rodents chronically treated with haloperidol have found no change in basal ACh tone (Osborne et al, 1994) .
Implications for Schizophrenia
Typical neuroleptics are most effective in reducing the positive symptoms of schizophrenia. These symptoms are thought to arise from hyperactivity of D 2 R signaling and hypoexcitability of the indirect pathway-a key part of the brain circuitry that suppresses contextually inappropriate ideation, habits, and goal-directed activity. In principle, neuroleptics should immediately alleviate these symptoms if this simple model is correct. However, they do not, suggesting that there is something else awry in the schizophrenic brain. What this model lacks is an appreciation for the homeostatic potential of iSPNs. Cazorla et al (2012) show that sustained upregulation in D2R signaling, as might be found in schizophrenia, induces homeostatic alterations in the Kir2-dependent integrative mechanisms of SPNs. Our results suggest that haloperidol, and other typical antipsychotics such as perphenazine, can reverse these Kir2-dependent adaptations, but this reversal takes days or weeks.
In addition, there are compelling reasons to think that synaptic dysfunction contributes to the schizophrenic phenotype (Faludi and Mirnics, 2011; Mirnics et al, 2006) . In agreement with this view, long-term antipsychotic treatment remodels axospinous machinery controlling corticostriatal synaptic function (Critchlow et al, 2006; Faludi and Mirnics, 2011; Lidow et al, 2001) . Our results add an important dimension to this literature, showing that haloperidol slowly remodels corticostriatal circuitry controlling iSPNs, eliminating many synapses but strengthening others.
What remains to be determined are the types of corticostriatal synapses pruned and the types strengthened by haloperidol treatment. These might arise from different cortical regions or circuits. Our current hypothesis is that the axospinous synapses capable of undergoing synaptic plasticity (LTP) are selectively preserved. This would mean that the pruned synapses are not as sensitive to the consequences of choice that is signaled to the striatum by the dopaminergic neurons of the substantia nigra. By preferentially eliminating these synapses, haloperidol might force the activity of iSPNs to be more effectively governed by cortical inputs shaped by external events.
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